I. INTRODUCTION
Millimeter-wave (mm-Wave) frequencies have the potential of addressing spectrum scarcity and capacity demands in current cellular bands [1] . Full scale implementation of digital systems by deploying a radio frequency (RF) transceiver chain per antenna element is impossible due to the constraints of cost, power consumption and signal processing complexity imposed by the RF front end and mixed signal components [2] . A practical solution will be to deploy a much smaller number of RF chains where each RF chain can support a large number of transmit (Tx) antenna elements, resulting in a hybrid digitalto analog (D-A BF) system. Therefore, hybrid D-A BF is one of the techniques of reducing the number of RF chains [3] , [4] , [5] .
Hybrid D-A BF have been proposed in [6] , [7] , where the digital beamformer is equivalent to an identity matrix and the analog beamformer is equivalent to the hermitian of the channel. It is also shown that the overall capacity of the hybrid D-A BF system is limited as compared to the complete digital beamforming (D-BF) system because of the number of RF chains [6] . The major drawback in this type of hybrid D-A BF structure is that each RF chain can only support a particular user [6] . Therefore, the maximum number of users that can be supported by the BS cannot exceed the number of RF chains [6] . This will severely limit mobile capacity in future mm-Wave networks especially in high density user environments like train stations, stadiums or shopping malls. Therefore, new hybrid D-A BF schemes are required, which can support multiple users by employing a BS RF chain to achieve similar capacity gains as promised by the D-BF systems.
Superposition coding can be applied to the Tx symbols on a single stream to support multiple users through a RF chain.
However, it cannot serve multiple users simultaneously as only a single 3 dimensional (3D) beam is formed [8] . In this paper, a new hybrid D-A BF algorithm for supporting multiple users is proposed. With this employed technique, each user will have its own separate 3D beam assisting in supporting multiple users simultaneously. This algorithm is implemented with the help of selection combining (SC). The SC algorithm is an analog beamforming (A-BF) technique which modifies the A-BF matrix by designating each and every antenna element to the selected users. The users and antennas are selected depending upon their instantaneous channel state information (CSI). However, the users experience multi-user interference (MUI) from the beamformed signals. Therefore, a low complexity MUI cancelling technique is proposed at the receiver (Rx). From our simulations, it can be observed that the proposed hybrid D-A BF using the SC algorithm achieves superior capacity gains to other hybrid D-A algorithms as proposed in [6] , [7] . Our proposed hybrid D-A BF algorithm also accounts for the 3D mm-Wave channel for a multi-user system which is generated when planar antenna arrays are deployed [9] , [10] .
The reminder of this paper is organized as follows. In Section II, the system model is described. In Section III, we propose the hybrid D-A BF SC based algorithm. In Section IV, the simulation results for the mentioned BF techniques are discussed. Finally, the paper is concluded in Section V. The block diagram of the hybrid D-A BF system is shown in Fig. 1 . This structure is preferred as it is common to the current cellular BS systems [6] . Each of the RF chains is connected to a large-scale array of identical antennas. The analysis is carried out considering a downlink scenario for the -th RF chain supporting the -th user. For the -th RF chain the A-BF is performed over only antennas by the analog beamformer . As the channel experiences resolvable multipath [11] , [12] , [13] , [14] , [15] , [16] , the digital beamformer for the -th 978-1-5090-1328-9/16/$31.00 ©2016 IEEE chain is represented as having dimensions × . The complete digital beamformer is given as:
II. DESCRIPTION OF THE HYBRID D-A BF SYSTEM
where accounts for -RF chains in the BS and is × dimensional.
A. 3D mm-Wave Channel Model
The 3D mm-Wave modified Saleh-Valenzuela (SV) channel impulse response (CIR) for the -th RF chain and the -th Tx antenna is given by [17] , [18] , [19] :
where ℎ , , is the -th user CIR of -th resolvable multi-path for the -th Tx antenna of the -th RF chain. denotes the number of clusters, the number of of resolvable multi-paths in one cluster, and = is the total number of resolvable multi-paths at the receiver. is related to and by = + . In (2) ℎ , , = |ℎ , , | represents the fading gain of the -th resolvable multi-path in the -th cluster connecting the -th antenna in the -th RF chain to the -th user. is the time-of-arrival (ToA) of the -th cluster and = denotes the ToA of the -th resolvable multi-path in the -th cluster. In our mm-Wave channel, it is assumed that the average power of a multi-path at a given delay is related to the power of the first resolvable multi-path of the first cluster through the following relationship [18] , [19] :
where = = |ℎ , , | 2 represents the expected power of the -th resolvable multi-path in the -th cluster connecting the -th user to the -th antenna in the -th RF BS chain. Ψ and are the corresponding power delay constants of the cluster and the resolvable multi-path respectively. For the channel model to be generic, we assume that the delay spread, which is ( − 1) of the mm-Wave channel spans ≥ 1 data bits, satisfying ( − 1)
where is the number of time slots per symbol. Secondly, we assume that the number of resolvable multipath components are randomly distributed, but they are the same over each symbol. Due to the wider bandwidth at mm-Wave, all the multi-path components can be resolved at the Rx side [20] , [21] , and multi-path diversity will be exploited in the analog beamformer to significantly improve capacity in our proposed system.
The CIR experienced by the -th RF chain and the -th user is given as:
where , ( ) is the ×(2 −1) dimensional Block-Toeplitz temporal CIR convolution matrix associated with the -th RF chain, -th Tx antenna and the -th user, given by (5) at the bottom of the page. Finally, ( ) will also be a temporal matrix be of dimension × (2 − 1). The -th user 3D BF gain , , = , , for every Tx antenna element of the -th RF chain is given in (6) . is the intra-cluster Rician -factor associated with the -th Tx antenna cluster [10] . and are the elevation and azimuth angle-of-arrival (AoA), respectively. Finally, , and , are the elevation and azimuth angle-of-departure (AoD) of the -th resolvable multipath and -th Tx antenna in the -th RF chain.
B. Received Symbols of Hybrid D-A BF
The samples of received signal at the -th user from the -th RF chain is expressed as:
where
are the × 1 dimensional transmitted uncorrelated data symbols to the -th user from the -th RF chain. , ( ) = [ , ( ), , ( − 1), ⋅ ⋅ ⋅ , , ( − + 1)] are the symbol samples for all the resolvable multi-paths, corresponding to the -th Tx antenna in the -th chain. BF design will be discussed in detail in the following section. ( ) is modelled as independent and identical distributed (iid) complex Gaussian random noise with zero mean and a variance of 2 for the -th user. The signal to noise ratio (SNR) of the -th RF chain is denoted by and is given as [22] :
where 0 is the average input SNR. Maximizing this SNR will lead to improved system capacity (in bit per second per Hz) for
the -th user associated with the -th RF chain, and calculated as [22] :
Let us now proceed towards designing the BF matrices which maximize the SNR of the -th RF chain.
III. BEAMFORMER DESIGN FOR HYBRID D-A BF
In this section, a type of hybrid D-A BF is considered for supporting a high density of users in mm-Wave systems. In the separate design of hybrid D-A BF as proposed in [6] - [7] , the analog beamformer = /|| || is equal to the normalized hermitian of the channel. || || is the Frobenius norm of the channel. The digital beamformer, = is an identity matrix of size . The BF matrix in this case is simply a matched filter (MF) as = /|| || . However, high user density environment cannot be supported by this method. Therefore, the SC algorithm is proposed.
A. Hybrid D-A BF with Selection Combining (SC)
In SC algorithm, antenna elements in the -th RF chain have to be allocated to users. represents the total number of users in a high user density environment, that have to be supported by the -th RF chain such that ≤ . The allocation of antenna elements is based on the calculation of expected power of the 3D mm-Wave modified SV channel of every user. For the -th antenna element in the -th RF chain, the channel power associated with the -th user is calculated as follows:
This process is repeated for all the users for the -th antenna element. The -th antenna is then assigned to that user which has the maximum power:
where argmax calculates the maximum value. This process is repeated times until all the antennas are allocated to the users where ≤ . The remaining ( − ) users are not supported.
It is clear that SC algorithm allocates non-contiguous antenna elements to the respective users. Therefore, the users will experience MUI from the beamformed signals generated from antenna elements that are allocated to other users. Interference from the undesired beamformed signals can be eliminated at every user by a set of receive BF weights. It is assumed that the SC antenna allocation information is available at the receiver. For example, consider a scenario in which the number of antenna elements in the -th RF chain is = 4, the total number of single antenna users to be supported by this -th RF chain is = 3, and where the SC antenna allocation for the -th RF chain that follows the pattern as shown in Fig. 2 . In this scenario, antenna 0 is allocated to user 0 ; 1 and 3 to 2 ; and 2 to 1 . As shown in the figure, A-BF ( ) is performed over each of the antennas, where as MUI suppression is implemented by 
where , ( ) represents the CIR from the -th Tx antenna to the -th user as was defined in (5) . Now let us examine the case of user 2 . The received signal at 2 can be represented as:
In (14), , ( ) ( )}, will cancel the MUI from the unwanted beamformed signals that are generated by antenna elements allocated to the other users by the SC algorithm. It can be observed that the pattern of zeros follow the MUI's from the respective antenna elements which need to be eliminated.
is identity similar to [6] , [7] . The weights for the other users for mitigating MUI can be similarly derived as 0 = [1 1 1, 0 0 0, 0 0 0, 0 0 0] and 1 = [0 0 0, 0 0 0, 1 1 1, 0 0 0] respectively, and can be extended for any SC antenna allocation. In this way, the receiver complexity can be reduced significantly because processing is moved to the Tx side. To satisfy the total power constraint the signal power of the -th RF chain is:
Finally, the SNR for the -th RF chain and the -th user for the
SC algorithm is calculated as follows [22] :
where is the number of antennas allocated to the -th user and 2 , is the corresponding iid noise variance. In this section, beam pattern and the capacity performance of two different kinds of hybrid D-A BF algorithms are investigated. SC based hybrid D-A BF is compared with the separate hybrid D-A BF proposed in [6] , [7] . The parameters for generating the 3D mm-Wave modified SV channel model are mentioned in Table-I [10] . Perfect channel knowledge or CSI [23] , [24] , [25] , [26] , [27] , [28] , [29] , [30] , [31] , [32] is assumed between the Tx antennas and Rx antenna. Two different environments are considered in our simulations. In the first environment perfect line-of-sight (LoS) is available. While, in the second environment, multipath are present, and the number of resolvable multipath is assumed to be 15. A uniform planar array of = 16 × 16 antennas is considered. Fig. 3 indicates that by using the SC algorithm to design the hybrid D-A BF system, the capacity increases when the number of users per RF chain increases. This is because with a larger number of users, the number of resolvable multipath in the mm-Wave channel increases which are combined using A-BF to improve the SNR at the respective users. In this way, multi-path diversity has been exploited in our mmWave system. This is observed in the curves with = 8 users and = 15 resolvable multipath per Tx antenna cluster attaining the upper bound as compared to the single user case with = 15 resolvable multipath. = 8 users per RF chain in a BS is chosen to represent a high user density scenario in mm-Wave systems. However, capacity gains from multipath diversity will be offset by the power constraint in the -th RF chain, and it will tend to saturate. From this figure, it can also be observed that the SC algorithm outperforms the separate hybrid D-A BF design. Substantial gains in terms of performance are achieved by using our algorithm. Fig. 4 in the following page plots the beam patterns generated by the = 16 × 16 planar BS antenna array in the -th RF chain. Fig. 4a shows the pattern for a single user, with separate hybrid D-A BF design as in [6] , [7] . Fig. 4b shows the pattern generated for a second and a third user in addition to the first user for the same RF chain using the SC algorithm. It can be observed from Fig. 4b that while SC achieves user separation, the directivity of the beams are reduced. This is because the number of antenna elements allocated per user is reduced, and at the same time, selection combining does not design the D-BF matrix, keeping it as identity as in the case of separate hybrid D-A BF design. In our simulations, the number of BS antenna array elements is chosen considering the processing and bandwidth limitations of the massive multipleinput multiple-output (MIMO) architectures.
IV. SIMULATION RESULTS
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V. CONCLUSION
In this paper, a new algorithm which operates on the principle of SC has been proposed for hybrid D-A BF based mmWave system. From our based algorithm, it is possible to support more than a single user per RF chain. This algorithm has a significant impact when higher density of users are present and the particular RF chain had to support multiple users. From our simulations, it has been seen that our proposed hybrid D-A BF using SC achieves higher capacity as compared to the known hybrid D-A BF and supports higher density of users per RF chain. ACKNOWLEDGEMENT This work has received funding from the EU's Horizon 2020 Programme under Grant Agreement No. 643297 (RAPID 5G).
